Background: Genetic variants in the FADS cluster are determinants of arachidonate synthesis, but their role in eicosanoid generation remains unclear. Results: FADS SNP, rs174537 is associated with leukotriene B 4 and 5-HETE production from stimulated human blood. Conclusion: A FADS SNP affects the synthesis of 5-lipoxygenase products. Significance: FADS variation may influence inflammation via eicosanoid biosynthesis.
There have been dramatic changes in the Western diet for the past 50 years. Perhaps nowhere has this been seen more than the dramatic increase in dietary n-6 PUFA with the addition of vegetable oil products (soybean, corn, palm, and canola oils as well as margarine and shortenings) (1) (2) (3) (4) (5) . For example, the n-6 PUFA LA 2 has increased 3-4-fold, now making up 6 -8% of energy consumed (2) . Once ingested, humans have the capacity for LA to be converted to ARA utilizing three (two desaturation and one elongation) enzymatic steps (6 -9) . The two desaturation steps are encoded by two genes (FADS2 and FADS1) found in a region of chromosome 11 known as the FADS cluster (11q12.2-q13), and have long been recognized as the rate-limiting steps in ARA biosynthesis (see Fig. 1 ) (6, 10 -12) .
Once ARA is synthesized in a tissue such as the liver, it can be transported to other cells and tissues in circulation as free fatty acids bound to albumin or esterified to complex lipids such as phospholipids, cholesterol esters, and triglycerides in lipoprotein particles (see Fig. 1 ) (13, 14) . Once taken up, ARA is acted upon by specific ARA-CoA synthetase(s) that converts free ARA into ARA-CoA to be utilized by ARA-CoA: l-acyl-2-lysophosphoglyceride acyltransferase(s) to yield 1-acyl-2-ARA phospholipids (15, 16) . ARA is then remodeled into the sn-2 position of 1-alkyl and 1-alk-1-enyl phospholipids utilizing CoA-dependent and -independent acyl transferases.
ARA can then be liberated from membrane phospholipids (typically after cellular activation) as a free fatty acid by a family of phospholipases (17) (18) (19) (20) (21) . ARA itself is a potent cellular signal, and it can be converted into a large family of eicosanoid products (including prostaglandins, thromboxanes, leukotrienes, and lipoxins) via cyclooxygenase, lipoxygenase, and cytochrome P450 enzymes ( Fig. 1) (22) (23) (24) . In general, these ARAderived eicosanoids act like local hormones to promote acute and chronic inflammation in numerous human diseases. In addition, radical-based oxidation of ARA is known to generate complex mixtures of additional products, and some of these oxidations products are important biomarkers of chronic diseases such as coronary artery disease (25, 26) .
Initial candidate gene studies by Schaeffer and colleagues (27) , followed by almost 20 other candidate gene and gene wide association studies, have showed that numerous SNPs in and around FADS2 and FADS1 have dramatic effects on ARA and ARA-containing phospholipid levels (12, (27) (28) (29) (30) (31) (32) (33) . rs174537 is the most strongly associated SNP with ARA levels (p ϭ 5.95 ϫ 10 Ϫ46 ) (33) in a large genome-wide association study is just upstream of FADS1. A few studies have addressed the mechanism of action by which FADS variation impacts PUFA levels and shown that it may alter the expression of FADS cluster genes, through promoter usage or stability of transcript (34, 35) Our laboratory recently demonstrated that many of the peakassociated SNPs (described in both candidate gene and genome-wide association studies) are strongly associated with methylation status a few CpG sites within regulatory region with an "enhancer signature" (36) . This region sits between the promoters for FADS1 and FADS2, and this observation raises the question of whether the methylation status of these CpG sites may play a role in regulating the transcription of FADS1 and FADS2. There are striking differences in the minor allele frequency at rs174537 between populations (37-39); 79 -82% of African Americans carry two copies of the G allele compared with only 42-45% of European Americans. Importantly, the allelic effect of the G allele, which is associated with enhanced conversion of dihomo-␥-linolenic acid to ARA on enzymatic efficiency was similar in both groups.
Interestingly, the same SNPs that are associated ARA levels are also strongly associated with traditional markers of cardiovascular disease and inflammation, including LDL cholesterol, triglycerides, HDL cholesterol, total cholesterol levels, and C-reactive protein as well as coronary artery disease (CAD) (30, 40 -42) . FADS variation has also been associated with urinary excretion of 8-epi-prostaglandin F(2␣) in both controls and CAD patients, and this has been widely recognized as a sensitive and independent risk factor for CAD (25, 26, 43) .
A critical question that remains is whether these associations with ARA and ARA-containing phospholipids levels are also observed with enzymatic eicosanoid products. This is a complicated question due to the fact that eicosanoids are typically local signaling molecules that are rapidly metabolized (44 -47). Consequently, it is difficult to get accurate in vivo measurements in blood and tissues from humans. Fradin and colleagues (48) described a whole blood stimulation technique combined with LC-MS/MS that could monitor the capacity of whole blood to synthesize a wide variety of eicosanoids but primarily leukotriene B 4 made as a result of polymorphonuclear leukocyte phagocytosis of zymosan particles. Ex vivo whole blood stimulation has been used as a pharmacodynamics end point to monitor the impact of eicosanoid blockers such as 5-lipoxygenase inhibitors on leukotriene levels (49) . In the current study, we have examined the relationship between genotypes at an important FADS variant rs174537 and leukotriene, HETE, prostaglandin, and thromboxane levels after whole blood stimulation.
EXPERIMENTAL PROCEDURES
Subjects-This study was reviewed and approved for human subjects by the Institutional Review Board at Wake Forest University Baptist Health. Subjects were recruited by telephone, letter, or E-mail from September 2011 until January 2014. These subjects were asked to come to the Clinical Research Unit at Wake Forest Baptist Hospital. Written consent was obtained from all subjects prior to enrollment. To be included in this study, subjects had to be considered healthy Caucasian females, between the ages of 21 and 65. Subjects were excluded from the study if they carried diagnoses of diabetes, cancer, heart attack or vascular surgery within the past year, heart disease, high blood pressure, history of stroke, atherosclerosis, asthma, multiple sclerosis, or chronic joint disease. They were also excluded for gallbladder disease or history of cholecystectomy, use of tobacco products within the last six months, current pregnancy, fasting triglycerides Ͼ150 mg/dl, fasting glucose Ͼ125 mg/dl, blood pressure Ͼ130/90 mmHg, a body mass index of Ն30 kg/m 2 or Ͻ19 kg/m 2 , taking Ͼ100 mg of aspirin per day, taking NSAIDs or oral corticosteroids, or taking a monoleukast-type of medicine.
Biochemical Measurements-Potential subjects were brought to the clinic for an initial screening visit and to provide informed consent. At that time, they donated fasting blood and urine samples. Heparinized blood was used for whole blood zymosan stimulation (48) , and the remainder was saved for red blood cell and plasma aliquots. An EDTA tube was also drawn for DNA isolation in order to genotype at the rs174537 SNP locus. A final tube was drawn for serum and biochemical measurements. All subjects were screened for total cholesterol, triglycerides, HDL, VLDL, LDL, serum glucose, and high sensitivity C-reactive protein. Anthropometric measurements were also taken at this encounter, including systolic and diastolic blood pressure, resting heart rate, weight, percent body fat, body mass index, and waist and hip circumference. All values were determined by Lab Corp (Burlington, NC).
Fatty Acid Analysis-Each subject had a tube of blood drawn for serum for determination of fatty acid content. A standard protocol was used and levels were determined in the presence of an internal standard (triheptadecanoin; Nuchek Prep, Elysian, MN) as described previously (50) . Briefly, fatty acid methyl esters were prepared (51) after saponification of duplicate serum samples (100 l). A panel of 23 different fatty acids was quantified by gas chromatography with flame ionization detection.
DNA and Genotype Analysis-Each subject had an EDTA tube drawn that was reserved specifically for DNA isolation, whereas early patients also gave saliva samples for DNA isolation. Each pellet of DNA was isolated using a standard protocol, washed, and rehydrated in Tris-EDTA for analysis. Concentration of DNA per sample was determined using Nanodrop technology. All samples were then diluted to a concentration of 10 nl/l and 20 l of each sample was plated into a 96-deep well plate for analysis via a Sequenome platform. A total of 61 SNPs were evaluated via this platform, including the gene locus rs174537.
Eicosanoid Stimulation and Analysis-A single heparinized tube of blood was taken from each patient and part was utilized for zymosan (Sigma-Aldrich), stimulation of whole blood as described previously (48) . All samples were processed within 30 min of the blood draw. For each subject, the assay was performed in duplicate for control (950 l of whole blood plus 50 l of PBS) and stimulated 950 l of whole blood plus 50 l of 50 mg/ml zymosan) conditions. Tubes were incubated in a 37°C shaking water bath for 30 min, and the reaction was stopped on ice for 5 min. Tubes were then centrifuged at 2000 rpm for 10 min at 4°C. The supernatant was aliquoted and stored under argon at Ϫ20°C until analysis. Supernatants were analyzed for eicosanoids by LC-MS/MS at the University of Colorado at Denver.
Eicosanoid Analysis by LC-MS/MS-After addition of stable isotope-labeled internal standards to the zymosan-stimulated blood, the eicosanoids were extracted and analyzed essentially as described previously (52) 1␣ . Samples were diluted with water to a final methanol concentration of Ͻ10% and then extracted using solid phase cartridges, Strata-X, 33 Polymeric Reversed Phase (Phenomenex). The eluate (1 ml of methanol) was dried down and solubilized in 75 l of HPLC solvent A (8.3 mM acetic acid buffered to pH 5.7 with ammonium hydroxide) plus 25 l of HPLC solvent B (acetonitrile-methanol, 65:35, v/v). An aliquot of each sample (30 l) was injected onto a Kinetex C18 5 m 50 ϫ 3.0 mm column (Phenomenex), at 250 l/min, with a linear gradient from 25% solvent B to 75% in 12 min, 75 to 98% in 2 min, 5 min hold and re-equilibration for 5 min. The HPLC system was directly interfaced into the electrospray source of an AB Sciex Q Trap 5500 mass spectrometer (PE-Sciex, Thornhill, Ontario, Canada) for mass spectrometric analysis in the negative ion mode using multiple reaction monitoring of the specific transitions, and the following m/z transitions monitored were as follows: m/z 335 3 195 for LTB 4 (Fig. 2) . The stereochemistry of 5-and 15-HETE was not determined in this study.
Data Analysis-Quantitative trait data were examined for the presence of outliers and for skewness; tests for association are performed under a linear model assuming an additive effect of the alleles as the SNP and thereby sensitive to both outliers and non-normality. Outlier observations were dropped and data were log transformed if necessary. (LTB 4 and 5-HETE were log 10 transformed and, to accommodate zero values for PGD 2 , 12-HETE, 15-HETE, LTC 4 , and LTD 4 , these variables were analyzed as log 10 (1ϩ value), i.e. a constant of 1 was added to each value prior to transformation because log(0) is unde- fined.) To accommodate the additive effect at rs174537, the SNP genotype was coded as 0/1/2 for GG/GT/TT reflecting 0, 1, or two copies of the minor (T) allele. Pearson correlation coefficients were generated for all quantitative variables against each other. Once again, transformed variables were used as necessary.
RESULTS
Characteristics of the Study Population-Thirty healthy Caucasian females with an average age of 41.2 Ϯ 12.7 years and ranging from 22 years to 62 years were recruited into the study. This study population had triglycerides, total cholesterol, fasting glucose, and body mass indexes of 70.9 Ϯ 25.7 mg/dl, 171.2 Ϯ 32.7 mg/dl, 87.5 Ϯ 8.2 mg/dl, and 23.6 Ϯ 2.8, respectively. There were 11 subjects with the GG genotype, 13 with the GT genotype, and six with the TT genotype within the study.
Stimulation of Whole Blood- Fig. 2 illustrates the LC-MS/ MS analysis of eicosanoids from a typical sample of unstimulated (A) and zymosan-stimulated whole blood (B). Examination of unstimulated samples showed primarily the deuterated internal standards and low levels of most eicosanoids including TxB 2 , PGE 2 , and 5-HETE. Zymosan stimulation of whole blood induced a dramatic increase in 5-lipoxygenase products such as LTB 4 and 5-HETE. There were also more modest increases (3-4-fold) in TxB2 and other eicosanoids. In Fig. 2B , the scales were normalized to the most abundant ion transition observed. The inset to B has the same normalization factor as that of A to show the internal standard abundance in the two samples.
Effect of Genotype of rs174537 on Fatty Acid Profile-An additive model was used to examine the effect of rs174537 on the phenotypic expression of serum fatty acids and eicosanoids in subjects ( Table 1 ). As expected, there was a negative allelic effect between the minor allele at rs174537 and ARA levels (p ϭ 0.067) indicating decreasing levels of ARA with increasing copies of the T allele, consistent with all prior publications; the lack of statistical significance is likely due to the small sample size (Table 1 ). There was a statistically significant genotypic effect (p ϭ 0.035) when ARA is expressed as a ratio of ARA to its metabolic precursor, LA, once again replicating numerous candidate gene and genome-wide association studies (12, (27) (28) (29) (30) (31) (32) (33) . Fig. 3 shows genotype at rs174537 as a function of ARA and ARA/LA. In support of prior studies, GG at rs174537 had the highest levels of ARA and ratio of ARA to LA with progressively lower levels and ratios for subjects with the GT and TT genotypes, respectively.
Effect of Genotype at rs174537 on Eicosanoid Production-Under an additive model at rs174537 on eicosanoid profiles of these subjects, it was determined there was a significant association between LTB 4 and 5-HETE. Interestingly, the association with LTB 4 (p ϭ 0.001) was more significant that that with ARA. Fig. 3 shows levels of LTB 4 , 5-HETE, and 15-HETE, respectively, as a function of genotype; these quantitative phenotypes were transformed for analysis. The ARA/LA ratio subjects with the GG genotype had significantly higher levels of LTB 4 and 5-HETE than those subjects of the GT genotype, and the GT genotype had higher levels than the TT genotype, supportive of the additive allelic effect at this locus. Although not quite reaching significance with a p value of 0.068, 15-HETE displayed a similar trend to LTB 4 and 5-HETE. In contrast, none of the cyclooxygenase products examined showed any relationship to the rs174537 genotype (p Ͼ 0.1).
Relationship between ARA/LA ratio and Eicosanoid Production-To better understand whether there was a relationship between the capacity to synthesize ARA from LA and the capacity to produce eicosanoids, Pearson correlation coefficients were generated between ARA/LA and levels of LTB 4 , 5-HETE, and 15-HETE ( Fig. 4) . A strong positive correlation was observed between ARA/LA and LTB 4 (r ϭ 0.441, p ϭ 0.0148), suggesting that the ratio is a strong independent predictor. In contrast, the correlations between the ARA/LA ratio and 5-HETE and 15-HETE levels were not statistically significant (r ϭ 0.267, p ϭ 0.153 and 0.127, p ϭ 0.505, respectively).
DISCUSSION
There have been numerous studies showing that genetic variation in the FADS cluster is associated with LC-PUFA biosynthesis (12, (27) (28) (29) (30) (31) (32) (33) . The role of FADS variants in complex lipid and inflammatory phenotypes is also well documented. Genome-wide association studies have identified associations between FADS variants and cardiovascular disease risk factors, including LDL, triglyceride, HDL, and total cholesterol levels (30, 40 -42) . Recently, five African American cohorts (n ϳ 8,000) were meta-analyzed and confirmed the association of FADS SNPs with lipid phenotypes and CAD (53) .
However, there have been no studies to date that have examined potential association between common FADS variants and the enzymatic generation of eicosanoids from the lipoxygenase(s) and cyclooxygenases pathways. Examining such associations is extremely complex as leukotrienes, HETEs, prostaglandins, and thromboxanes are produced locally and rapidly metabolized (44 -47) . Analyzing eicosanoids after whole blood stimulation was established Ͼ20 years ago as a method to examine the capacity of cells in the blood (largely neutrophils) to be activated by zymosan phagocytosis (54) . Upon stimulation, ARA is released from membrane phospholipids, and eicosanoids are formed. This assay integrates the mechanism of eicosanoid production, i.e. phospholipase A 2 activation and release of free arachidonate, elevation of intracellular Ca 2ϩ , translocation of 5-lipoxygenase to the nuclear envelope, association with FLAP, and formation of leukotriene A4. Products measured by LC-MS/MS include TXA 2 (measured as TXB 2 ), PGE 2 , LTB 4 , and LTC 4 , along with 5-HETE, 12-HETE, and 15-HETE. Because this whole blood method of zymosan phagocytosis targets neutrophil eicosanoid production, the lack of a major effect on prostaglandin and thromboxane formation should not be overinterpreted. The neutrophil only poorly, if at all, expresses PGH synthase and those prostanoids observed (e.g. TXB 2 ) were likely derived from other cells in the blood similar to the platelets that were activated as a secondary event to polymorphonuclear activation.
The current study demonstrated that there not only was the anticipated association between rs174537 and a key surrogate measure of the capacity to synthesize ARA from LA (ARA/LA ratio) but also the synthesis of 5-lipoxygenase products LTB 4 and 5-HETE. The data also demonstrated a strong relationship between an individual's ARA/LA ratio and their capacity to synthesize LTB 4 , 5-HETE and to a lesser degree 15-HETE. Together, these studies have addressed the key question of whether associations between a key FADS variant and ARA levels extend to the enzymatic production of ARA products, eicosanoids.
In a metabolomics study, Geiger and colleagues demonstrated associations between rs174548 and phospholipids containing fatty acids with four double bonds (i.e. ARA), and this effect was observed for all major phospholipid species (phosphatidylcholine, phosphatidylethanolamine PI, including 1-acyl, 1-alkyl, and 1-alk-1-enyl phospholipids) (40) . This SNP is in tight linkage disequilibrium with rs174537 (r 2 ϭ 0.81, and DЈ ϭ 1 based on the CEU (a cohort of Utah residents of northern and western European ancestry) samples within the Thousand Genomes Project). Moreover, the association with the SNP increased up to 14-fold (p Ͻ 10 Ϫ21 ) when examining the ratios of putative PUFA-containing precursors and products. For example, the strongest effect size was observed with the ratio of ARA-containing phosphatidylcholine to dihomo-␥-linolenic acid-containing phosphatidylcholine (p ϭ 2.4 ϫ 10 Ϫ22 ) with 28.6% of the total variance in the population being explained by one SNP, rs174548 in the FADS cluster. The authors point out that this effect is so strong that "if the molecular function of FADS1 had not been already known, the association between the SNP and the different glycerophospholipid concentrations per se would have allowed one to deduce its enzymatic activity of inserting a fourth double bond." The aforementioned study extended the influence of FADS SNPs beyond ARA itself but to levels of the ARA-containing phospholipids that are substrates for phospholipases during cell activation. The current study suggests that the impact of loading this pool further impacts the synthesis of eicosanoids and particularly 5-lipoxygenase products in stimulated human blood.
The associations and the effect size between the genotype at rs174537 and LTB 4 biosynthesis as well as the correlation between the ARA/LA ratio and LTB 4 is strong despite the small sample size of the study. This suggests there may be a strong relationship between these variables. This study raises important questions regarding the potential impact of influential FADS variants in inflammatory responses mediated by 5-lipoxygenase products. These same variants have already been associated with C-reactive protein and enhanced levels of nonenzymatic oxidative products of ARA (urinary 8-epi-prostaglandin F(2␣)). Both of these are recognized as independent CAD risk factors (25, 26) .
Finally, we have recently demonstrated that African ancestry populations have significantly higher levels of circulating ARA (complexed to glycerolipids) compared with their European counterparts. This is due in large part to the increased frequency of the high ARA-converting genotype (GG) at rs174537 in the former (37, 38) . We have also shown that there are identical estimated allelic effects of rs174537 on ARA levels in African Americans and European Americans (37); however, our studies also suggest that there are likely other factors that drive ARA levels even higher in African Americans. Given the strong correlation between ARA/LA ratios and LTB 4 levels observed in this study, it will be important in future studies to determine whether African ancestry populations have greater capacity to produce eicosanoids and particularly 5-lipoxygenase products.
Limitations of this study include the small sample size and the fact that blood has to be stimulated ex vivo to measure eicosanoids. Here, we limit our investigation to a single SNP, rs174537. Nonetheless, this SNP is documented to have the strongest association with LC-PUFA levels in genome-wide association approaches and furthermore is within a block of extremely high linkage disequilibrium in European Americans, providing an excellent proxy for variation with the FADS gene cluster (37) . However, the combination of a stimulation protocol that has been utilized for Ͼ20 years to monitor the capacity of individuals to produce leukotrienes revealed that those with the GG genotype at rs174537 would be more prone to synthesize proinflammatory leukotrienes.
